G enetic instability associated with DNA repeats is responsible for a number of hereditary disorders 1 . A subset of these diseases, including fragile X syndrome, Huntington's disease, myotonic dystrophy, Friedreich's ataxia, and others, are caused by expansions of trinucleotide DNA repeats in distinct human genes 2 . Large-scale repeat expansions primarily occur during intergenerational transmissions 3 . Although these repeats are fairly stable in most somatic tissues, substantial length polymorphisms have been observed in dividing cells of peripheral blood and germline tissue 4-6 . Expansions have also been demonstrated in non-dividing, postmitotic cells in tissues implicated in disease 7 . Thus, the mechanisms of repeat instability are of prime biological and biomedical importance. While initial breakthroughs in the field came from human pedigree analyses 3 , the molecular mechanisms of repeat instability have been more intensively studied in model organisms, including bacteria, yeast, Drosophila, and mice 8 .
G enetic instability associated with DNA repeats is responsible for a number of hereditary disorders 1 . A subset of these diseases, including fragile X syndrome, Huntington's disease, myotonic dystrophy, Friedreich's ataxia, and others, are caused by expansions of trinucleotide DNA repeats in distinct human genes 2 . Large-scale repeat expansions primarily occur during intergenerational transmissions 3 . Although these repeats are fairly stable in most somatic tissues, substantial length polymorphisms have been observed in dividing cells of peripheral blood and germline tissue [4] [5] [6] . Expansions have also been demonstrated in non-dividing, postmitotic cells in tissues implicated in disease 7 . Thus, the mechanisms of repeat instability are of prime biological and biomedical importance. While initial breakthroughs in the field came from human pedigree analyses 3 , the molecular mechanisms of repeat instability have been more intensively studied in model organisms, including bacteria, yeast, Drosophila, and mice 8 .
The development of yeast experimental systems has made it possible to carry out genetic analysis at the genome-wide level to identify genes affecting repeat expansions and contractions 9 . Most of these gene products are involved in DNA replication and/or post-replication repair, indicating that problems arising during replication of long repetitive DNA are at the heart of the expansion process. Aside from expansion events, DNA repeats demonstrate three other types of genetic instabilities in yeast: chromosomal fragility 10 , repeat-induced mutagenesis (RIM) 11 , and complex genome rearrangements (CGRs) 12 .
It remains unclear to what extent the data obtained in yeast are applicable to humans. Similar to yeast, expandable repeats stall replication fork progression in mammalian cells [13] [14] [15] [16] [17] [18] [19] , and the extent of fork stalling seems to correlate with repeat instability. Proteins involved in replication fork stability and post-replication repair have also been implicated in repeat instability in mammalian cells 18 , and repeats expand effectively in actively dividing embryonic stem cells 15, 20 or during the reprogramming of differentiated patient cells into induced pluripotent stem cells (iPSCs) 21 . In the case of fragile X syndrome, replication delay at expanded (CGG) n repeats leads to X-chromosome fragility in humans 22 , giving the disorder its name. Altogether, these findings reinforce the role of DNA replication in repeat instability.
With that said, processes other than DNA replication have been implicated in repeat expansions in humans and mice. Most notably, mismatch repair was first shown to promote repeat expansions in transgenic mouse models of multiple-repeat-expansion diseases [23] [24] [25] [26] [27] . Subsequently, the role of mismatch repair in repeat expansions was confirmed in patient cell cultures and specifically designed human cell lines [28] [29] [30] . Transcription and transcription-coupled repair were also shown to promote repeat instability [31] [32] [33] . Finally, the DNA helicases WRN and Rtel, which are involved in homologous recombination, also appear to prevent expansions 34, 35 .
To establish the genetic control of repeat instability, we sought to generate a tractable system to select for repeat expansions in cultured mammalian cells. The first such system, based on chromosomally integrated APRT or HPRT reporters carrying (CAG) n repeats in their introns 36 , was largely limited to studying repeat contractions and established the role of transcription-coupled repair 31, 37, 38 and rereplication 39 in the contraction process.
We developed a new system for analyzing the instability of fragile X (CGG) n repeats in cultured mammalian cells. Fragile X syndrome is caused by expansions of (CGG) n repeats located in the 5′ UTR of the human FMR1 gene. Normal individuals have 5-50 repeats, carriers possess 50-200 repeats, and affected individuals have more than 200 repeats 40 . When the repeat length exceeds 200 copies, methylation of the FMR1 promoter leads to heterochromatin formation and gene silencing, which ultimately results in disease. In our system, a HyTK reporter gene was placed under the control of a human FMR1 promoter that contained carrier-size (CGG) n repeats in its 5′ UTR and was integrated into the RL5 site of murine erythroid leukemia (MEL) cells 41 . We reasoned that large-scale repeat expansions in our system would inactivate the HyTK reporter, making cells ganciclovir resistant. Indeed, the presence of a (CGG) 153 repeat in our cassette
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We developed an experimental system for studying genome instability caused by fragile X (CGG) n repeats in mammalian cells. Our method uses a selectable cassette carrying the HyTK gene under the control of the FMR1 promoter with (CGG) n repeats in its 5′ UTR, which is integrated into the unique RL5 site in murine erythroid leukemia cells. Carrier-size (CGG) n repeats markedly elevated the frequency of reporter inactivation, making cells ganciclovir resistant. These resistant clones had a unique mutational signature: a change in repeat length concurrent with mutagenesis in the reporter gene. Inactivation of genes implicated in break-induced replication, including Pold3, Pold4, Rad52, Rad51, and Smarcal1, reduced the frequency of ganciclovir-resistant clones to the baseline level that was observed in the absence of (CGG) n repeats. We propose that replication fork collapse at carrier-size (CGG) n repeats can trigger break-induced replication, which results in simultaneous repeat length changes and mutagenesis at a distance.
markedly elevated the frequency of ganciclovir-resistant clones. Although the majority (~70%) of these clones contained expanded or contracted (CGG) n repeats, the lengths of the resultant repetitive runs rarely exceeded the gene's inactivation threshold 40 . Instead, ganciclovir resistance was caused by the presence of mutations in the body of the HyTK reporter concordant with the repeat length changes. Only a small fraction of ganciclovir-resistant clones contained large-scale expansions of (CGG) n repeats that silenced the reporter. Notably, an increase in the frequency of ganciclovir-resistant clones observed in the presence of the (CGG) 153 repeat disappeared when we knocked down genes implicated in break-induced replication (BIR) in mammalian cells 42 . We propose that replication fork stalling caused by carrier-size (CGG) n repeats 43 triggers BIR, resulting in repeat length changes concurrent with mutagenesis at a distance.
results
Experimental system to study genome instability mediated by (CGG) n repeats in cultured mammalian cells. In humans, (CGG) n repeats expanded beyond 200 copies trigger heterochromatin formation, inhibiting the expression of FMR1 and eventually surrounding genes. We created a cassette in which the HyTK reporter (encoding an in-frame fusion of the hygromycin phosphotransferase with the herpes simplex virus thymidine kinase) is under the control of the FMR1 regulatory region containing its promoter with carrier-size (CGG) n repeats in its 5′ UTR ( Fig. 1a ). This design places our reporter in a similar position with respect to the (CGG) n repeats as the coding part of the FMR1 gene. A single copy of each FMR-(CGG) n -HyTK cassette containing 0, 53, or 153 (CGG) n repeats was inserted into the RL5 site in MEL cells via Cre-loxPmediated exchange with a pre-existing eGFP cassette 41 (Fig. 1b ). For all three repeat lengths (0, 53, and 153), insertions in the same (A) orientation (transcribing the reporter toward the centromere) were isolated and compared. For the (CGG) 153 repeat, insertions in the opposite (B) orientation of the cassette were also obtained. The RL5 locus was chosen because it is not prone to spontaneous silencing 44 , potentially minimizing the development of false-positive ganciclovir-resistant clones resulting from reporter silencing that is not related to the repeat. Our HyTK cell lines maintained a hygromycin-resistant and ganciclovir-sensitive phenotype for many months of culture. On the basis of the data from human studies, we expected that expansions beyond 200 copies of the (CGG) n repeat would inactivate the HyTK reporter and result in the accumulation of ganciclovir-resistant clones.
PCR analysis of repeat length stability in the successfully targeted clones revealed that even the longest (CGG) 153 repeat in our cassette at the RL5 locus did not undergo length changes at a detectable frequency in cells cultured in the presence of hygromycin. Furthermore, the population doubling time in the hygromycincontaining medium was not affected by the presence of the repeat.
The stability of the (CGG) n repeats at the lower or upper ends of the fragile X premutation range, (CGG) 53 and (CGG) 153 , was then tested in the selectable system ( Fig. 1 ). Subclones of cell lines with the repeat-bearing cassettes were cultured in the absence of hygromycin for 6 d to remove selective pressure against expansions or other forms of repeat-mediated genetic instability, followed by redistribution to 96-well plates containing ganciclovir. The presence of 53 copies of the (CGG) n repeat had no significant effect on the frequency of ganciclovir-resistant clones, whereas 153 copies of the repeat increased their frequency approximately tenfold ( Fig. 1c) .
To establish the mechanisms leading to ganciclovir resistance, we carried out PCR analysis of repeat lengths in all of the ganciclovirresistant clones that we obtained. (CGG) n repeats in the ganciclovirresistant clones derived from the (CGG) 53 -bearing cell line showed no detectable length changes in any (~30) of the cases examined. By contrast, ~70% of the ganciclovir-resistant clones originating from the (CGG) 153 -bearing cell line contained expansions or contractions ( Fig. 1d and Table 1 ). Note that there was a difference in the ratio of expansions to contractions between different clones with the (CGG) 153 -HyTK cassette in the A orientation (compare clones c2-29 and c3-1 in Table 1 ). We attribute these differences to clonal variations, possibly arising from changes in the replication and/or transcription profile of our cassette in those clones. Notably, the ratio of expansions to contractions for the (CGG) 153 -HyTK cassette in the opposite (B) orientation was within the range of clonal variations for the cassette in the A orientation (Table 1 ). This indicates that repeat instability does not depend on repeat orientation in our system.
The scale of repeat contractions among ganciclovir-resistant clones varied widely, from fewer than 10 to more than 90 repeat units. In contrast, repeat expansions appeared to be constrained: fewer than 30 repeats were added in the majority (98%) of clones ( Fig. 1e ). Only a small fraction (2%) of ganciclovir-resistant clones contained a repetitive run longer than 200 (CGG) n copies ( Fig. 1f ). We confirmed that the observed length changes were indeed repeat expansions and contractions by sequencing (CGG) n runs. Overall, the positive correlation observed in our system between repeat length and its propensity to expand or contract is consistent with the behavior of repeats at disease loci and in many experimental systems 2 .
Mechanisms leading to ganciclovir resistance. As mentioned above, most of the ganciclovir-resistant clones obtained in our experimental system contained a repetitive run shorter than 200 (CGG) n copies. The expansions observed for the (CGG) 153 array were less than 30 repeats in 98% of expanded clones, a length increase that does not cross the 200-repeat threshold for efficient heterochromatin formation. Moreover, ~30% of all ganciclovirresistant clones contained massive contractions in the starting (CGG) 153 array. Altogether, these data suggest that it is very unlikely that ganciclovir resistance is the result of repeat-mediated silencing of the HyTK cassette in the majority of our clones.
In a yeast experimental system, we previously observed that unstable DNA repeats promote mutagenesis at a distance, a phenomenon we called RIM 11 . We hypothesized that mutations induced by the (CGG) 153 repeat in the body of the TK domain of the HyTK gene could account for the ganciclovir resistance in our mammalian system as well. To test this hypothesis, we sequenced the reporter in a randomly selected fraction of ganciclovir-resistant clones with small-scale expansions or contractions (66 of 170 total). This sequencing analysis confirmed our hypothesis: two-thirds of them (45 clones shown in Table 2 ) contained mutations in the TK region of the HyTK gene that were likely causative, that is, indels or complex mutations disrupting an open reading frame, as well as base substitutions in conserved regions of the thymidine kinase domain ( Fig. 2a and Supplementary Fig. 1 ). We conclude that a carrier-size (CGG) n repeat induces mutations at a distance in the TK domain of the reporter. Notably, these mutations coincide with a change in the repeat length (an expansion or contraction). Thus, we believe that both events result from a common source, such as a break in the repeat (see "Discussion").
Note that small-scale expansions or contractions alone do not cause HyTK gene inactivation in our selectable system, and their frequency therefore cannot be assessed in our selectable system. Consequently, we cannot estimate the ratio of events in which repeat length changes are accompanied by mutagenesis versus that without mutagenesis in the HyTK gene. All we can say is that, in our selective conditions, the most prevalent mutational event was a change in the repeat's length combined with mutagenesis at a distance. Furthermore, as previously mentioned, repeats appeared to be stable in the original targeted cell lines under hygromycin selection, which suggests that small-scale changes are rare events overall.
We also sequenced 43 ganciclovir-resistant clones that originated in cell lines containing cassettes with 0 or 53 (CGG) n repeats. 90% of these clones (39 clones) also contained mutations in the TK domain of the reporter ( Fig. 2a and Supplementary Fig. 1 ). The spectra of mutations in the TK domain of ganciclovir-resistant clones originating from cells with the (CGG) 153 -, (CGG) 53 -, and (CGG) 0 -bearing cassettes were very similar for the cassettes with zero repeats and the shorter (CGG) 53 run, but the spectrum was notably different for the (CGG) 153 repeat. We compared the mutation spectrum observed for the (CGG) 153 cassette with that for the (CGG) 53 and (CGG) 0 cassettes combined (Table 2 ). In the case of the (CGG) 153 cassette, 45% of all mutations differed from simple point substitutions. Of the mutations, 29% were indels and 16% were composite events, including tandem base substitutions, short duplications, or multiple mutational changes (Table 2 and Supplementary Table 1 ). This was significantly different (Fisher's exact test, P = 0.0193) from the other two cassettes, where only 18% of observed mutations were indels or complex mutations (Table 2 ). When we discounted mutations at the G 7 and C 6 runs in the HyTK reporter, which are putative mutation hotspots ( Supplementary Fig. 1) , this difference became even more notable (Fisher's exact test, P = 0.00187), as the fraction of complex mutations for the (CGG) 53 and (CGG) 0 cassettes combined was reduced to 8.6% (Table 1) .
Unexpectedly, approximately one-third of the ganciclovir-resistant clones with a change in length of the original (CGG) 153 repeat contained no mutations in the TK domain. A priori, their phenotype could have resulted from a frameshift or nonsense mutation in the Hy domain; heterochromatization of the FMR1 promoter somehow triggered by the carrier-size (CGG) n arrays in a subclonal mouse cell line; stochastic gene inactivation by some unknown post-transcriptional mechanism in a subclonal cell line; or lack of clonality, that is, two or more subclones being mixed during selection in a 96-well plate. The first explanation implies that some ganciclovir-resistant clones should be hygromycin sensitive as well. We indeed detected 12 hygromycin-sensitive clones, 6 of which contained mutations in the Hy domain ( Fig. 2a ) and 6 of which carried no detectable mutations. To determine whether reporter silencing occurred in mutation-free ganciclovir-resistant, hygromycin-sensitive cell lines, we tested five clones for relative mRNA levels from the reporter using semiquantitative RT-PCR of the TK domain. Given that all of these clones contained HyTK transcripts at a level similar to that of a cell line carrying the control cassette with no repeats, silencing triggered by the presence of carrier-size (CGG) n repeats (n up to 175) did not appear to be the case. Although we are not able to explain the ganciclovir-resistant phenotype of the clones lacking mutations at present, we suspect that they may result from clonal variations in post-transcriptional RNA processing and/or nuclear retention associated with (CGG) n repeats.
In addition to the clones described above, a small fraction (~2%) of ganciclovir-resistant clones contained large-scale expansions reaching up to 240 (CGG) n repeats (Fig. 1f ). Analysis of HyTK gene transcription by qPCR in these clones revealed a ~5-fold reduction in mRNA level, as compared with the starting clone with the (CGG) 153 repeat or a ganciclovir-resistant clone with a small-scale expansion (Fig. 1g ). Using chromatin immunoprecipitation (ChIP; Fig. 1h ), we found that the level of an active chromatin marker, H3K4me3, was decreased 3-to 4-fold in these clones. Furthermore, sequencing analysis revealed no mutations in the body of the reporter. Altogether, we conclude that the ganciclovirresistant phenotype of clones with large-scale expansions is a result of partial transcriptional silencing of the reporter in the presence of expanded repeats.
Role of break-induced replication in repeat-mediated genome instability.
Altogether, the majority (70%) of ganciclovir-resistant clones from the cell line with the (CGG) 153 -HyTK cassette were characterized by a change in repeat length (an expansion or contraction) concordant with the appearance of mutations, including complex mutations, in the body of the HyTK reporter. These data point to the involvement of an error-prone DNA repair pathway. BIR has been shown to be such a pathway in our yeast experimental system 45 .
A key protein required for DNA synthesis during BIR is a small subunit of the lagging-strand DNA polymerase δ , Pol32 in yeast and PolD3 in mammalian cells 42 . We looked at the role of PolD3 protein in repeat-mediated formation of ganciclovir-resistant clones. To this end, we grew the cell line with the FMR-(CGG) 153 -HyTK cassette in the presence of either PolD3 siRNA or a non-targeted control followed by selection for ganciclovir resistance. Treatment with the targeted siRNA led to nearly complete loss of the PolD3 protein in our cell line (Fig. 2c) . Notably, the frequency of ganciclovir-resistant clones following this treatment was reduced sixfold, that is, close to the level observed in the cell line with no repeat cassette (Fig. 2b) . PCR analysis of repeat lengths in those clones showed repeats of unchanged length, some small-scale expansions, none of which could account for the ganciclovir resistance, and very few contractions ( Supplementary Fig. 2 ). We then looked at the pattern of reporter mutations in these clones ( Supplementary Fig. 1 ). PolD3 inactivation resulted in disappearance of the complex mutations that were the hallmark of mutagenesis induced by the (CGG) 153 repeat ( Table 2 and Supplementary Fig. 1 ). This result indicates that complex mutations primarily occur in the course of BIR, as was suggested previously 46 .
We then looked at the role of other proteins that have been implicated in BIR in mammalian cells using the same RNA interference approach. Inactivation of another small subunit of DNA polymerase δ , PolD4, also decreased the frequency of ganciclovir-resistant clones, albeit to a smaller extent than PolD3 inactivation (threefold), which is consistent with its lesser role in BIR (Fig. 2b) . The recombination proteins Rad52 and Rad51 have also been shown to function in mammalian BIR 42, 47 , and siRNA inhibition of these proteins in our selectable system resulted in a 4-to 5-fold decrease in the frequency of ganciclovir-resistant clones (Fig. 2b) . siRNA inhibition of the annealing DNA helicase SMARCAL1, which has been implicated in replication fork reversal and restart via BIR 48 , caused a fivefold decrease in ganciclovir resistance in our system (Fig. 2b) . Taken together, these data strongly suggest that BIR might be responsible for the majority of mutational events mediated by long (CGG) n repeats.
Discussion
We developed a mammalian experimental system to select for genetic instability mediated by the presence of fragile X (CGG) n repeats. We placed carrier-size (CGG) n repeats in the 5′ UTR downstream of a synthetic genetic construct, downstream of the FMR1 promoter and upstream of a HyTK reporter. Expansions or other types of mutational events caused by these repeats inactivate the HyTK gene, rendering cells ganciclovir resistant. We found that a longer (CGG) 153 repeat elevated the frequency of ganciclovir resistance by roughly an order of magnitude as compared with a no-repeat control or a shorter (CGG) 53 repeat. The majority (~70%) of these clones contained repeats that differed in length from the starting (CGG) 153 repeat: contractions ranging from 10-90 repeats or expansions ranging from 10-30 repeats. Sequencing of these clones revealed indels or complex mutations in the HyTK reporter. Thus, the presence of the (CGG) 153 run appears to cause simultaneous occurrence of two mutational events: a change in repeat length concurrent with mutation in the open reading frame of the reporter.
Similar observations have previously been made for fibroblasts from patients with Friedreich's ataxia, where changes in the length of expanded (GAA) n repeats were concordant with mutagenesis in the flanking sequences 4 . Other structure-prone DNA repeats have also been found to induce mutagenesis at a distance in mammalian cells 49 . In those studies, mutations were detected up to several kilobases away from the repeat, similarly to what we observed in our system.
We previously named such compound mutational event RIM 11 and hypothesized that it can result from replication fork stalling at carrier-size repeats, leading to fork breakage that is followed by error-prone repair 11, 49 . This hypothesis seems to be highly applicable to our system, given that (CGG) n repeats stall replication fork progression in mammalian cells 16, 43 and cause chromosomal fragility 22 . A feasible mechanism for RIM is BIR. This process has been implicated in the repair of one-ended double-stranded breaks and was initially characterized in yeast and more recently documented in mammalian cells 42, 47 . Several replication and recombination proteins are required for BIR in both yeast and mammals. Most notably, the small subunit of DNA polymerase δ , Pol32 in yeast and PolD3 in mammals 50 , is essential for this process. We found that inactivation of PolD3 by siRNA led to a marked decrease in the frequency of ganciclovir-resistant clones in our (CGG) 153 -HyTK cell line. Furthermore, sequencing of ganciclovir-resistant clones recovered after PolD3 inactivation revealed a lack of the complex mutations ( Supplementary Figs 1 and 2) characteristic of wild-type cells. The role of another small subunit of DNA polymerase δ , PolD4, in BIR is less clear. Although some data suggest that it may not be actively involved in BIR 42 , other studies have implied that it is essential for the process 51 . In our system, PolD4 inactivation also reduced the frequency of ganciclovir-resistant clones. The strand invasion step during BIR is promoted by recombination proteins Rad52 and Rad51 42, 47 . In our case, inactivation of either protein led to elimination of repeat-induced ganciclovir-resistant clones. Altogether, these data are consistent with the important role of BIR in RIM mediated by longer (CGG) n repeats.
Our working model is presented in Fig. 3 . Data from our own and from other laboratories indicate that carrier-and disease-size (CGG) n repeats stall replication fork progression in mammalian cells 16, 43 . Fork stalling at a long (CGG) n repeat in our (CGG) 153 -HyTK cell line might occasionally lead to fork reversal and isomerization of the reversed fork into a Holliday junction. In mammalian cells, SMARCAL1 protein is recruited to stalled replication forks, promoting their regression 48 . This role of SMARCAL1 is consistent with our model, as its inactivation reduces the number of ganciclovir-resistant clones in the (CGG) 153 -HyTK cell line. Resolution of this Holliday junction, presumably carried out by mammalian Mus81 protein 52 , would then produce a one-ended double-strand break. Following end resection, a 3′ -single-stranded DNA containing repetitive runs is generated. This single-stranded tip can then invade the sister chromatid using Rad52 and Rad51 proteins to create a single D loop. Subsequently, the D loop is extended via conservative PolD3-and/or PolD4-dependent DNA synthesis 42, 47 . Given that the 3′ end of the invading strand contains a long repetitive run, this invasion might occur out of register, resulting in expansions or contractions. Alternatively, multiple template-switching events, which are known to occur at early stages of BIR 53 , could be responsible for repeat length instability. BIR is a highly mutagenic form of DSB repair, owing to the conservative mode of replication combined with microhomology-mediated template switching 46 . The latter explains our data on mutagenesis away from the repeat in the HyTK gene and accumulation of complex mutations, likely owing to template-switching events 46 (Supplementary Table 2 ).
Repeat-induced mutagenesis was previously documented in the case of Friedreich's ataxia 4 , but has not been observed for Fragile Xassociated syndromes or other repeat expansion diseases in humans. A small number of fragile X-affected males have a deletion hotspot in the vicinity of the (CGG) n repeat in several patients with fragile X 54 , which could be recapitulated by DNA replication through the repeat 55 . In light of our data, it could be of interest to estimate mutational load at genomic segments surrounding the (CGG) n repeat in somatic tissues of carriers with premutation-size FMR1 alleles. Carrier-size repeats have been linked to three late-onset diseases, fragile X-associated tremor/ataxia syndrome (FXTAS) 56 , fragile Xassociated primary ovarian insufficiency (FXPOI) 57 , and fragile Xassociated diminished ovarian reserve (FXDOR) 58 . These diseases are believed to be triggered by an elevated level of the 'toxic' repeatbearing mRNA 59 . The fact that mRNA levels are increased in these patients may argue against accumulation of mutations in the FMR1 gene under these circumstances, as these mutations could lead to RNA decay. Note, however, that RIM in our system occurs once per 5 × 10 6 cells, which could not possibly affect the overall level of the FMR1 mRNA in patients with FXTAS or FXPOI.
A small fraction (2%) of our ganciclovir-resistant clones contained repeats that exceeded the threshold length for gene inactivation (> 200 repeats) established in fragile X studies. We did not observe any mutations in the reporter cassette in these clones, and its inactivation seemed to be a result of heterochomatin formation triggered by expanded (CGG) n repeats. Obviously, our candidate gene analysis is not applicable to these clones, given their strong under-representation among all ganciclovir-resistant clones. Thus, we cannot assess whether the observed large-scale expansions occur by the same mechanism as small-scale repeat length changes that are accompanied by mutagenesis at a distance. 
